ABSTRACT: Blue mussel Mytilus edulis cultures contribute to nutrient cycling in coastal ecosystems. Mussel populations filter particulate nutrients from the water column and inorganic nutrients are regenerated by excretion of metabolic wastes and decomposition of (pseudo-)faeces. The objective of this study was to determine the intra-annual variability in nutrient regeneration by mussel rope cultures in oligotrophic fjord systems. In situ respiration and nutrient uptake and release rates of 1 m mussel ropes were measured using 250 l pelagic chambers. There was a 20-fold difference between winter and summer respiration and nutrient release rates. Inorganic nitrogen release ranged from 50 to 1000 µmol h -1 per meter rope. These variations were mainly related to mussel growth but were also related to changes in water temperature and biofouling biomass (organisms that colonized the mussel ropes). In total 24 genera of fouling organisms were observed, diversity increased over time (ranging from 2 to 12 genera m -1 ), and fouling biomass was mainly characterised by ascidians (max. 37 ± 14 g m -1
INTRODUCTION
Suspension feeding bivalves influence the ecosystem by filtration of particulate matter, biodeposition and decomposition of (pseudo-)faeces, and excretion of dissolved metabolites (Prins et al. 1998 , Newell 2004 , Cranford et al. 2007 ). Under nutrient limiting conditions inorganic nutrients released by bivalve populations and decomposed pseudofaeces have been argued to stimulate primary production (Asmus & Asmus 1991 , Dame & Libes 1993 , Prins et al. 1998 . Indeed, several studies confirmed nutrient release by benthic mineralization underneath mussel farms (Baudinet et al. 1990 , Giles et al. 2006 , Richard et al. 2007 ). However, the contribution of benthic mineralization to nutrient availability for pelagic primary pro-ducers is largely dependent on the mixing between benthic and euphotic water layers. In shallow areas, the water column is well mixed and benthic released nutrients are available to the pelagic primary producers (Prins & Smaal 1990 , Hatcher et al. 1994 ). In contrast, in deep culture areas regenerated nutrients are not available to pelagic primary producers, particularly not in cases of profound vertical stratification of the water column. In deep coastal ecosystems, nutrient regeneration in the euphotic zone is therefore most important in the feedback loop from suspended mussel cultures to primary production.
Norwegian fjords are characterised by a deep water column (100 to 1000 m), and in spring and summer fjords are stratified as a result of calm wind conditions that restrict vertical mixing of nutrients into the euphotic layer (Aure et al. 1996 , Asplin et al. 1999 . Nutrients derived from freshwater runoff are generally less important than the vertical mixing of nutrients in Norwegian fjord systems (Aksnes et al. 1989 ). Consequently, the euphotic zone is nutrient limited for extended periods of the year (Paasche & Erga 1988 , Saetre 2007 ) resulting in chlorophyll a (chl a) concentrations of generally < 2 µg l -1 (Erga 1989a , Aure et al. 2007a ). Phytoplankton is the major component of seston along the Norwegian coast (Erga 1989a , Erga et al. 2005 ). Primary production rates are typically 100 to 140 g carbon (C) m -2 yr -1 (Aure et al. 2007a ) of which a ratio of 0.4 is regarded as new primary production (Wassmann 1990 ), resulting in a new carbon supply of 40 to 56 g C m -2 yr -1
. Norwegian fjords are thereby classified as oligotrophic within the trophic classification of marine systems by Nixon (1995) . In this kind of oligotrophic environment, it is essential to understand nutrient regeneration, especially in bivalve culture areas where bivalve growth depends on the availability of phytoplankton.
Studies on nutrient cycling in suspended cultures often focus on (1) benthic mineralization of biodeposits (Baudinet et al. 1990 , Giles et al. 2006 , Richard et al. 2007 ), or (2) biochemical processes of the culture itself considering only the mussel biomass (Dowd 2005 , Cranford et al. 2007 , Brigolin et al. 2009 ) rather than the whole biological community on the ropes. Besides mussels, suspended mussel cultures comprise a complex habitat of bacteria, epifauna, epiflora, and trapped biodeposits, each contributing to the uptake and release of nutrients (Richard et al. 2006 (Richard et al. , 2007 . The epifauna associated to mussel cultures includes ascidians, barnacles, bryo zoans, polychaetes, amphipods and gastropods, of which abundance and species composition vary seasonally (Cayer et al. 1999 , Khalaman 2001 , Richard et al. 2006 , Lutz-Collins et al. 2009 ). Biodeposits partially accumulate in spaces between mussels on ropes and create a sediment compartment in the water column (Mazouni 2004 , Richard et al. 2006 . The combined fauna and biodeposit compartment will hereafter be referred to as the 'associated fauna and organic matter' (AFOM) complex (see also Richard et al. 2006) .
Nutrient dynamics of complete bivalve culture units indicate that associated fauna contributes to the total nutrient release (LeBlanc et al. 2007 ) and that AFOM complexes contribute to nitrate, nitrite and silicate fluxes, while the cultivated species, such as Mytilus edulis primarily contribute to ammonia, phosphate and oxygen fluxes (Richard et al. 2006) . By investigating 2 year classes and sampling both in August and September, Richard et al. (2006) showed that the relative contribution of the AFOM complex to total nutrient fluxes depends on its composition and thus on farming cycle and season. Furthermore, seasonal variation in AFOM biomass and its composition also influenced nutrient dynamics in oyster cultures (Mazouni et al. 2001) . The aforementioned studies were all performed in shallow ecosystems, but in order to better understand nutrient regeneration by suspended mussel cultures, studies in contrasting environments, such as deep oligotrophic fjords, as well as studies covering a full annual cycle are needed.
The objective of this study was to explore the hypothesis of intra-annual variability in nutrient regeneration by blue mussel Mytilus edulis rope culture in the euphotic zone of Norwegian fjord systems. During the course of one year, 2 in situ experiments were conducted simultaneously: (1) an AFOM experiment which focused on quantifying temporal changes in mussel density and the fauna and organic material associated with mussel ropes and (2) a nutrient flux experiment that aimed to quantify temporal variation in oxygen (O), nitrogen (N), phosphate (P) and silicate (Si) fluxes along mussel ropes using large pelagic chambers.
MATERIALS AND METHODS
Environmental monitoring. Fluorescence, turbidity, temperature and salinity were simultaneously measured at 30 min intervals at 1.5 m depth using a STD/CTD 204 (SAIV A/S). Water samples for analysis of seston quantity and quality were taken at 1.5 m depth at weekly intervals (twice a week during the spring bloom). Particulate organic carbon (POC) and nitrogen (PON), chl a and phaeopigment concentrations were determined by filtering 250 to 500 ml onto a 1.2 µm filter (Whatman GF/F). Chl a and phaeopigments were analyzed after extraction with 90% acetone using the fluorescence method with correction for acidified measurements (Strickland & Parsons 1968 ).
The Model 10-AU fluorometer (Turner Designs) was calibrated with known concentrations of chl a (Sigma Chemicals) and measured spectrophotometrically. Fluorescence measurements were converted to chl a concentrations (µg l -1 ) to obtain high-resolution chl a time series, using: chl a = 0.75 × fluorescence -0.06 (r 2 = 0.83, n = 55) POC/PON concentrations were determined using an NC Analyzer (Thermo Finnigan Flash EA 1112) after drying and fluming the filters over concentrated HCl for 0.5 h in a closed container to remove inorganic carbon (Ehrhardt 1983) . Mussel ropes. Mussels used in this study settled in 2007 and were re-socked in February 2008 at a commercial mussel farm (Åfjord, 63°55' N, 10°11' E). Mussel ropes consisted of extruded polypropylene rope material (Christmas Tree), attached mussels Mytilus edulis and the AFOM complex. Forty sections of 1 m rope were transferred to the study site (Austevoll, 60°0 5' N, 05°16' E) in November 2008 and deployed vertically in the water column from ~30 cm depth. Ten of these sections were used in the nutrient flux study, and the remaining 30 sections were used for the AFOM study (see 'Experimental design'). In May 2009, most mussels were lost due to predation. New mussel rope sections (1 m) were transferred from the commercial farm to the study site by the end of May 2009. These mussels originated from the same cohort and farming site as the first batch. Ten sections were assigned to the nutrient flux experiments, and 20 sections to the AFOM study.
Experimental design. Two studies were performed from February 2009 to January 2010: (1) an AFOM study, and (2) a nutrient flux study. Within the AFOM study, 4 mussel ropes were collected bimonthly by SCUBA divers. Within the nutrient flux study, repeated measurements on 10 mussel ropes were conducted monthly, with one additional measurement during the spring bloom. Due to the loss of mussels in May 2009, only 5 ropes were included in the May sampling. To compare biomass estimates in both studies, AFOM determinations were also performed on the ropes used for the nutrient flux study (n = 10) following the last sampling in January 2010. Extrapolation of AFOM results to the corresponding oxygen and nutrient fluxes specified the relative contribution of the mussels and AFOM complexes.
Associated fauna and organic material (AFOM) study. To determine mussel and AFOM biomass, mussel ropes were collected by SCUBA divers. A soft polyethylene plastic enclosure (30 cm diameter × 100 cm height) was gently raised around the mussel rope so that all organic material associated with a mussel rope was collected within the plastic enclosure. The enclosures, including the mussel ropes and water, were transferred to the laboratory where the mussels were removed from the ropes and the organic material was resuspended. The mussels were frozen until the biomass analysis was performed. The suspension was sieved through a 1 mm sieve and the fauna were collected and preserved with formalin (4%). The total amount of suspended particulate material (SPM) was determined by filtering subsamples in triplicate onto pre-combusted and weighed filters (Whatman GF/C). Salt was removed from the filters by rinsing with deionised water. Filters were dried at 60°C overnight and weighed to obtain SPM values. The filters were combusted at 450°C for 6 h to determine fractions of organic (POM) and inorganic (PIM) particulate matter. Additional subsamples were taken to determine the quality of the organic material: POC, PON, chl a and phaeopigments (see 'Environmental monitoring' above). Mussel samples were subsampled to determine the total number of mussels on a rope and the length and weight of individual mussels. Individual length was measured with a digital caliper (± 0.01 mm), and tissue was removed from the shells and dried for at least 72 h at 60°C to determine dry weight (DW). These tissue samples were also combusted at 450°C for 6 h to determine ash-free dry weight (AFDW). Fauna determinations were performed to genus level, since we are mainly interested in the functional role of the associated organisms. A similar protocol for DW and AFDW estimation as described above for mussels was applied to the fauna samples.
In situ nutrient flux study. Incubations with pelagic chambers were conducted to determine oxygen and nutrient fluxes along the mussel rope interface. The pelagic chambers consisted of 250 l rigid white polyethylene tanks (50 cm diameter × 150 cm height with conical shaped bottoms) that could be sealed off from the bottom and the top (Fig. 1) . A pump was mounted inside each chamber to mix the water, and flow was regulated (10 l min -1 ) in order to minimize resuspension of organic material. Homogenous mixing was confirmed by measuring nutrient concentrations simultaneously at 16 positions within the chamber. An oxygen optode (no. 4835, Aanderaa) and STD/CTD were mounted into one of the chambers to record oxygen and fluorescence concentrations at 2 s intervals during the incubations.
In total 6 pelagic chambers were used, allowing simultaneous sampling of 5 ropes and 1 control. The control consisted of a pelagic chamber filled with water but without a mussel rope and was used to correct for fluxes other than those caused by mussel rope metabolism. To sample all 10 ropes, 2 sets of incubations were performed during one day or on 2 subsequent days, depending on incubation time. When deploying the chambers, both bottom and top were opened, and the chambers were gently raised around the mussel ropes, minimizing water movement around the ropes. Incubations started when both the bottom and top were sealed and ended when the oxygen concentration had decreased by 10% when compared to initial values. Total incubation time varied between 0.5 and 6 h, depending on the season. Oxygen measurements and water samples for dissolved inorganic nutrient concentrations were taken in all chambers at the start and end of each incubation. Dissolved inorganic nutrient samples (20 ml), other than total ammonia nitrogen (TAN), were preserved with chloroform and stored in a cool and dark place until analysis. Those samples were analyzed according to standard methods (Parsons et al. 1992 ) adapted for an auto-analyzer. TAN samples (20 ml) were frozen immediately until used for analysis (Holmes et al. 1999) . TAN concentrations were analyzed by means of fluorometric analysis (Kerouel & Aminot 1997 , Holmes et al. 1999 .
Fluxes were determined by the difference between the start and the end values and multiplied by the chamber volume. Linear decline in oxygen concentration was confirmed by the continuous oxygen measurements in one of the pelagic chambers during each incubation. Finally, fluxes were corrected for the fluxes measured in the control chamber, even though the control fluxes were negligible compared to those measured on the mussel ropes.
Statistical analysis. All data were checked for homogeneity and normality of variance assumptions by (1) visually examining standardised residuals versus predicted values plots and Q-Q plots of residuals, (2) Shapiro-Wilk tests and (3) Levene tests (Quinn & Keough 2002) . When one of the assumptions was violated, appropriate data transformations were performed. In cases where transformations did not lead to acceptance of the assumptions, nonparametric tests were performed. Statistical analyses were performed using SAS 9.1, and all data are presented as mean ± SE, unless stated otherwise.
One-way analysis of variance (ANOVA) tests were used to test the temporal variation in mussel and AFOM parameters in the AFOM study. The effect of time (sampling month) was tested for the following variables separately: mussel density, mussel weight, mussel length, faunal biomass (square root transformations), amount (POM) and quality of organic material (POC and PON, log transformations). In case of significant results, Tukey's HSD post-hoc multiple comparison tests were used to determine which of the sampling months were significantly different from each other. A nonparametric Kruskal-Wallis test followed by pairwise comparisons with Mann-Whitney U -tests were used to test the temporal variation in the number of faunal genera.
We used t-tests to test whether mussel ropes used in the AFOM and the nutrient study were similar. For the following variables, separate t-tests were used to test for variation in mussel density, mussel weight, mussel length, faunal biomass, number of faunal genera, amount of organic material (POM) and the quality of organic material (POC, PON, chl a, phaeo pigments). A nonparametric Kruskal-Wallis test was performed for the C:N ratio of organic matter. Pearson's correlation analysis was used to identify whether oxygen consumption and nutrient release rates were significantly related to mussel biomass.
Stoichiometric comparisons of N:P (in atomic equivalents) were made for the ambient water and nutrient fluxes by performing repeated measures ANOVAs. The sampling months (time) comprised the within-factor treatment, and the 2 stoichiometric variables (ambient and flux) comprised the between-factor treatment. In addition, statistical significance was estimated from the Greenhouse-Geisser adjusted probability to avoid violating the assumption of sphericity of the withinsubject (time) variance-covariance matrix (Field 2005) .
RESULTS

Environmental conditions
Temperature ranged from 3°C in February to 19°C in the beginning of July (Fig. 2A) . The spring bloom started in late February and lasted for ~2 wk ( Fig. 2A) . Maximum chl a values were recorded in the first week of March (7.7 µg l . Salinity was 29.7 ± 1.6 ppt (mean ± SD) throughout the study period. Dissolved phosphate, silicate and inorganic nitrogen concentrations were highest in winter and lowest in summer (Fig. 2B) . Total inorganic nitrogen was calculated as the sum of TAN, nitrate and nitrite. Nitrate values, however, dominated the pattern for total nitrogen concentrations ( Fig  2B inset) . During the study, concentrations of POC and PON ranged from 45 to 546 and 6 to 52 µg l -1 , respectively. The highest values were recorded in spring and summer and decreased during autumn, and the lowest values were recorded in winter. Seasonal changes in POC and PON followed a parallel pattern and hence C:N ratios showed little variation (mean ± SD: 8.9 ± 1.6).
Mussel biomass
Individual mussel weight (AFDW) doubled from March 2009 to January 2010 (Fig. 3) , and although weight decreased from October to January, this change was not significant (Tukey; p < 0.05). Average length increased from 33 ± 1 to 50 ± 2 mm (Fig. 3) . Interpolating individual mussel weight to determine mussel density on the ropes used in the flux study (543 ± 23 m in January one year later. There were no significant differences in density (t-test; F 1,12 = 3.31, p = 0.094), length (t-test; F 1,12 = 3.70, p = 0.079) and weight (t-test; F 1,12 = 0.76, p = 0.400) between mussel ropes used in the AFOM or in the nutrient flux study in January 2010.
AFOM composition and biomass
The biomass and composition of fauna associated with the mussel ropes increased significantly during the study (Table 1 ). The total faunal biomass (AFDW) excluding mussels varied from 0.10 ± 0.03 g m -1 in June to 37.66 ± 14.07 g m -1 in October. The difference in faunal biomass of the second batch (mussel ropes obtained in June) compared to the first batch (March to May) was considered to be negligible in the context of biomass increases observed later during the study period. Additionally, similar genera were observed between the 2 batches, indicating that the 2 batches were comparable in terms of faunal type and biomass. At the end of the study, in January, no statistical difference in faunal biomass was found between the ropes used in the AFOM study and the ropes used in the . Not all individuals were identified to species level, but it seemed that Nereis diversicolor dominated the Nereis genus.
The average amount (AFDW) of organic material associated with mussel ropes was 6.9 ± 0.3 g m -1 (Table 2 ) and did not show significant differences between sample dates (ANOVA; F 5,18 = 2.53, p = 0.067). Table 1 . Average (± SE) biomass of (A) sedentary and (B) errant fauna (g ashfree dry weight) associated with blue mussel Mytilus edulis ropes used in the associated fauna and organic material (AFOM) study (n = 4 ropes per sampling point) and nutrient flux study (n = 10 ropes). Data are standardized to mussel ropes of 1 m length, and fauna were identified to genus unless otherwise noted. Standard error is only provided when a faunal genus was found on more than one replicate rope. Different superscript letters indicate significant differences (p < 0.05). indet.: indeterminate there was no difference between the 2 mussel batches (March to May vs. June to January) in terms of quantity and quality of the organic material associated with the ropes. Almost twice as much organic material was found on the ropes used in the flux study compared to the AFOM study (t-test; F 1,12 = 11.69, p = 0.005), C:N ratios were significantly different (Kruskal-Wallis; p = 0.034), and phaeopigment:chl a ratios were not significantly different (t-test; F 1,12 = 0.40; p = 0.538) between the nutrient flux and AFOM studies.
Oxygen and nutrient fluxes
Continuous oxygen measurements within the pelagic chambers confirmed a linear decrease through out the incubations. Oxygen consumption was lowest in February (0.6 ± 0.1 mmol h -1 ), increased until maximum values in October (12.8 ± 0.8 mmol h -1 ), and decreased again during the winter months to 2.4 ± 1.3 mmol h -1 in January (Fig. 4A ). As for oxygen consumption, the general pattern in nutrient release, except for silicate, showed a significant increase during the spring bloom, followed by an increase until late summer and a decrease during the subsequent months (Fig. 4B) . TAN releases completely dominated the total dissolved nitrogen fluxes as nitrite and nitrate fluxes were low, often below the detection limit of the instruments (0.5 and 0.05 µmol l -1 for nitrate and nitrite, respectively). As for oxygen and nitrogen, an increase in phosphate release was observed during the spring bloom. Oxygen consumption and TAN release remained at similar levels in the months following the spring bloom while phosphate release decreased (Fig. 4C) . The highest phosphate release rates were ob served in summer with maximum values in September (62.7 ± 7.7 µmol h -1 ). No apparent seasonal pattern in silicate fluxes was observed (Fig. 4D) . Uptake of silicate was observed in February and the beginning of March. After that, silicate fluxes varied around zero except for some outlying values in September and October.
Variation in oxygen consumption and ammonia releases were related to mussel biomass as significant positive correlation coefficients were observed between mussel biomass and oxygen (r = 0.68, p = 0.010) or TAN (r = 0.66, p = 0.014) fluxes.
N:P ratios varied significantly both throughout the season (repeated measures ANOVA, p < 0.0001) and be tween ambient water and flux measurements (repeated measures ANOVA, p = 0.0008) (Fig. 5) . On average, the N:P flux ratios were 3 times higher compared to ambient values. As no substantial silicate fluxes were observed (Fig. 4) , N:Si and P:Si ratios could not be calculated. However, nitrogen and phosphate were evidently excreted in higher amounts than silicate.
DISCUSSION
This study presents new data on the seasonal dynamics of nutrient release rates from suspended mussel cultures in relation to the succession of mussel biomass, species composition and abundance of fauna, and organic material associated with mussel rope cultures in an oligotrophic fjord environment.
AFOM succession
The settlement of different ascidian, polychaete and crustacean genera reflected a significant increase in Table 2 . Average (± SE) quantity and quality of organic material associated with blue mussel Mytilus edulis ropes used in the associated fauna and organic material (AFOM) study (n = 4 ropes per sampling point) and nutrient flux study (n = 10 ropes). Different supercript letters indicate significant differences (p < 0.05). There were no significant differences between the monthly values of the AFOM study for POM, C:N and chlorophyll a (chl a). POM: particulate organic material; OM: organic material (relative to total particulate material); POC: particulate organic carbon; PON: particulate organic nitrogen. nd: no data available taxonomic richness throughout the study period. This result agreed with those of Taylor et al. (1997) , Richard et al. (2006) and Lutz-Collins et al. (2009) , which showed that number and composition of fauna associated to bivalve cultures are dependent on culture duration. Intra-annual variation in associated faunal abundance in suspended oyster culture showed similar patterns as those observed in our study (Mazouni et al. 2001 ), but they observed summer mortality of fouling ascidians due to anoxic (bottom) conditions. The average number of faunal genera associated with mussel ropes found in our study (6.9 ± 1.5 m -1
) was comparable to average values of 7 to 10 genera per 25 cm rope found by Richard et al. (2006) . However, the 4 times longer mussel rope sections used in our study may have resulted in higher faunal diversity, because diversity is spatially dependent. Biomass estimates for associated fauna were ~60-fold higher in our study compared to the estimates of Richard et al. (2006) and were still 4-fold higher when the biomass of Ciona intestinalis was excluded from our estimates. The proportion . Mytilus edulis. Average (± SE) N:P ratio of the ambient water (see Fig. 2B ) and nutrient release rates per hour by mussel ropes (see Fig. 4 ) measured from February 2009 to January 2010 (n = 10 per sampling point). An asterisk indicates sampling dates for which phosphate release rates were too low to calculate representative N:P ratios. Dashed line between May and June indicates the 2 separate mussel batches, the thick dotted line the Redfield's elemental ratio (N:P = 16) of the fouling biomass relative to mussel biomass found in our study (0 to 8%) was at the same magnitude as that reported for commercial mussel farming in Canada (LeBlanc et al. 2007) . Although taxonomic richness increased with time, abundance was dominated by the ascidian C. intestinalis (> 90%). Ascidians, and especially C. intestinalis, are well-known fouling organisms in bivalve cultures (see McKindsey et al. 2009 for review).
The presence of the deposit-feeding polychaetes Capitella and Neoamphitrite indicates that mussel ropes contain a large amount organic material (Grassle & Grassle 1974 , Pearson & Rosenberg 1978 . This study confirmed that suspended bivalve cultures form a sediment compartment in the water column (Arakawa 1990 , Mazouni et al. 2001 , Richard et al. 2006 . However, this study is the first to quantify the amount of organic material associated with mussel ropes. The organic material associated with mussel ropes was stable throughout the study period (6.9 ± 0.3 g m -1
). As the biomass of mussels and, subsequently, faeces production increased during the culture cycle, settlement of faeces fragments on mussel ropes seems space limited and hence a high fraction of the total produced faeces will sink towards the seabed, as observed in shallow systems (Grant et al. 2005 , Callier et al. 2006 , Giles et al. 2009 ). Fouling ascidians may significantly enhance sedimentation from suspended mussel farms ), but the development of ascidian populations from August onwards did not increase organic loading on the mussel ropes itself in our study, further indicating that settlement of organic material on mussel ropes is space limited.
Oxygen consumption and nutrient release
This study showed significant temporal variation in oxygen consumption and nutrient release rates along the mussel rope interface during one annual cycle. Differences between minimum and maximum rates varied up to 20 times. The in situ method using pelagic chambers was chosen to minimize movement of the mussel and water displacement around the ropes, prevent resuspension of trapped organic matter and minimize changes in mussel behaviour, thus allowing us to study intact mussel ropes under natural conditions. The length of the chambers (1.5 m) developed for this study allowed us to study mussel rope sections of 1 m length, which is at least 4-fold larger than previous studies on biochemical processes along mussel ropes (Richard et al. 2006 (Richard et al. , 2007 and permitted us to better integrate spatial variability in AFOM biomass and diversity.
Linking oxygen consumption and nutrient release to temporal changes in environmental conditions, mussel growth, and succession of AFOM complexes provides insight into the relative contribution of each compartment to the oxygen consumption and nutrient uptake or release from the mussel rope interface. Although biomass of the fouling organisms increased significantly throughout the study period, mussels were always the dominating species on the ropes. Even during maximum ascidian abundance, > 90% of the faunal biomass (epifauna and mussels) was represented by mussels.
Metabolic processes in mussels are weight dependent (Smaal et al. 1997) , and part of the annual variation in respiration and TAN release rates was explained by growth of the mussels throughout the year. Mussel metabolism is also correlated to temperature (Widdows & Bayne 1971 , Vooys 1976 ) and food (Bayne et al. 1989 (Bayne et al. , 1993 , although direct correlation to any of those factors is often difficult due to the interrelationship between food and temperature (Grant 1996 , Smaal et al. 1997 . The increased release rates during the spring bloom, maximum levels in September followed by a gradual decrease in the subsequent months as observed in our study is in accordance with Strohmeier (2009) . That study showed that temperature and respiration were positively correlated for individual mussels grown in oligotrophic areas during autumn and winter, but these parameters were uncoupled during spring when food concentrations suddenly increased due to the spring bloom of phytoplankton. In our study, maximum respiration and nutrient release rates were observed in September, which did not coincide with maximum temperature (August) or elevated food levels. However, biomass of associated fauna (ascidians) was high from September onwards. The ecological functioning of ascidians is similar to mussels (Petersen 2007 ) and the high abundance of fouling ascidians indicates a source of nutrients. As for mussels, ascidian metabolism is temperature dependent (Goodbody 1974) , although little quantitative data is available. Nevertheless, lower nutrient release rates are expected with decreasing temperatures (e.g. from September to October).
The maximum mussel rope oxygen consumption rates (standardised to g AFDW) measured in September in our study, were lower than those of mussel ropes in Canada during the same season (39 µmol h -1 g -1 in our study compared to values between 55 and 75 µmol h -1 g -1 AFDW reported by Richard et al. 2006) . Hence, lower values were observed despite considerably more fauna being associated with the ropes in our study. TAN release rates measured in our study (2.5 µmol h ; September) were comparable to values reported by Richard et al. (2006) ). These high TAN fluxes were explained by protein catabolism of the mussels that were in poor post-spawning condition and decomposition of dead mussels (Richard et al. 2006) . Almost no dying mussels were observed during our study and because the main spawning events in Norway occur in May and June , such factors did not influence the summer values used for comparison here. Phosphate release rates were comparable between our study and Richard et al. (2006; 0. 2 µmol h -1 g -1 AFDW). Population-based estimates were also carried out by Prins & Smaal (1990 on mussel beds (including AFOM complexes) in the Oosterschelde estuary in the Netherlands. When TAN and phosphate fluxes are standardized to a mussel biomass similar to our ropes, release rates of the mussel beds were 6.0 and 0.3 µmol h -1 g -1 for TAN and phosphate, respectively. These rates are 3 to 5-fold higher than yearly averages observed in our study (1.2 and 0.1 µmol h -1 g -1 for TAN and phosphate, respectively). Enhanced release rates observed in the mussel beds might be induced by higher food availability in the Oosterschelde and related enhanced metabolic activity or by decomposition of organic material, which is more abundant in mussel beds than in mussel ropes. Richard et al. (2006) concluded that the AFOM complex on mussel ropes, and specifically the decomposition of organic material, contributes most to nitrate, nitrite and silicate fluxes. Prins & Smaal (1990) also measured high nitrate, nitrite and silicate release rates in mussel beds. Low nitrate and nitrite fluxes were observed in our study (<10% of total DIN flux), but these rates were comparable to those of Richard et al. (2006) . Those rates are considerably lower than nitrate and nitrite rates measured on mussel beds (> 20% of total dissolved inorganic nitrogen [DIN] flux, Prins & Smaal 1990) . No major anoxic areas were observed within our ropes (H. M. Jansen unpubl. data) and nitrate and nitrite were therefore unlikely to have been directly removed by denitrification. Rather, less organic material was present on the ropes compared to the mussel beds. Absence of silicate release by bivalve cultures as observed in our study is in disagreement with Richard et al. (2006 Richard et al. ( , 2007 and Prins & Smaal (1990) . Silicate uptake in March can be attributed to uptake by diatoms, which were abundantly present during the spring bloom (H. M. Jansen unpubl. data). Silicate release could originate from the dissolution and microbial degradation of siliceous diatom tests (Canfield et al. 2005 ) that could be trapped in mussel biodeposits ). However, as silicate concentrations were low during large periods of the year (Fig. 2B ) and diatoms were only present during the spring and autumn bloom (data from http://algeinfo.imr.no), few diatom tests might have been present in the mussel biodeposits during large periods of the year, which may explain the lack of silicate fluxes measured along the mussel rope interface.
Interactions between suspended mussel culture and its environment
The ecological importance of nutrient regeneration is enhanced nutrient availability for phytoplankton, resulting in increased primary production rates (Smaal 1991) . Average nutrient ratios for phytoplankton growth are 16:16:1 for Si:N:P (Redfield et al. 1963) , and deviations from this ratio in combination with low absolute nutrient concentrations may result in nutrient limitation for phytoplankton growth (Goldman et al. 1979) . Subsequently, changes of nutrient ratios in the water column can lead to a shift in phytoplankton community composition (Dame & Libes 1993 , Prins et al. 1995 . This study showed low ambient nutrient concentrations in spring and summer and N:P ratios <16 and N:Si ratios <1 during extended periods of the year (Figs. 2B & Fig. 5 ). These results point towards a nitrogen limited system, which is commonly observed in marine environments (Nixon et al. 1996) . Mussel ropes release inorganic nitrogen and phosphorus into the water column (Fig. 4) and may thereby favour phytoplankton growth. However, net release was not according to Redfield's ratio, as proportionally more nitrogen was produced than phosphorus and silicate (N > P > Si). During part of the nutrient-limited period (May to July), N:P flux ratios did not exceed Redfield's ratio of 16 (Fig. 5) , which indicates that although mussel cultures release more nitrogen than phosphorus, they do not eliminate nitrogen limitation. However, the absence of silicate release by mussel ropes might lead to silicate rather than nitrogen limitation. Mussel cul- tures thereby have the potential to suppress the development of siliceous phytoplankton such as diatoms (Turner et al. 1998 ) and favour the development of non-siliceous phytoplankton such as flagellates and dino flagellates. Phytoplankton composition is not solely dependent on nutrient ratios but absolute nutrient concentrations may also play a role. Silicate concentrations have been shown to affect the phytoplankton community structure (Egge & Aksnes 1992 , Fouillaron et al. 2007 , and diatom-dominated systems are stimulated if silicate concentrations exceeded 2 µM (Egge & Aksnes 1992) . Effects of silicate limitation would therefore be more profound in summer periods when silicate concentrations are < 2 µM. Nutrient release rates of mussel ropes measured in the present study may be extrapolated to farm-scale levels to evaluate the impact of mussel farming on inorganic nutrient pools. Combining ambient nutrient concentrations ( Fig. 2B ) and flux estimates (Fig. 4) with farm characteristics (length and width of farm, current velocities, length of longlines) as described in Strohmeier et al. (2008) allows us to estimate the amount of nutrients excreted by a mussel farm relative to the amount of nutrients naturally present in the water column (Table 3 ). The number of longlines (mussel biomass) provided by Strohmeier et al. (2008) were standardized to a regular mussel farm, which has ~5 times fewer longlines. In winter (February) when release by mussel cultures is low and ambient nutrient concentrations are high, the impact of mussel farming on the total nutrient pool is insignificant. On the other hand, in summer (August) mussel farming can increase the amount of DIN by 20% and the amount of dissolved inorganic phosphorus by 5%. As fjord systems in Norway are nutrient limited (Paasche & Erga 1988 , Erga 1989a ,b, Saetre 2007 , it can be postulated that enhanced nutrient availability stimulates primary production. The farm-scale estimates above are restricted to a single mussel farm, but while evaluating the effects of nutrient regeneration on fjord ecosystem level, dilution and dispersion processes should be taken into account.
In conclusion, this study has shown (1) an increase in species richness and biomass of fauna associated with mussel cultures through time, (2) a stable amount of organic material associated with mussel ropes through time, (3) a dominating role of mussels in nutrient releases in comparison to the AFOM complex, (4) seasonal fluctuations in nutrient release rates by mussel ropes, (5) a dissimilar release of different elements (N > P > Si), and (6) a substantial effect of mussel cultures on nutrient regeneration, especially in summer when the pool of naturally available nutrients is low and release rates by mussel cultures are high. The temporal fluctuations involved in these processes are relevant in management advice. 
